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ABSTRACT
Laser powder bed fusion is a leading additive manufacturing technology which has been used in this 
study to melt pure tungsten powder onto a titanium substrate. A strategy for the powder bed fusion 
was carried out by creating a process map in which the effect of laser energy density on the melt 
pool was studied. Our approach was to consider the laser focus offset as a control parameter in the 
experimental work, with melting carried out before and after the Gaussian laser beam profile was 
optimised. The optimal focus offset was achieved at 1 mm, yielding a laser beam diameter (the 
effective gaussian laser beam radius at which the maximum irradiance is decayed to 1/e2 or 13.5% 
of the peak value) of 43 focusing, the beam diameter 
was 50  The selective laser melting of the tungsten powder on the titanium substrate was carried 
out by melting single layer melt tracks using laser power ranges of 100, 150 and 200W and laser 
speeds ranging from 50 to 400 mm/s before and after the Gaussian laser beam profile was optimised. 
The results showed that optimised parameters were able to melt the W and create a strong bond on 
a CPTi substrate. Keyhole mode and conduction mode were observed under different linear energy 
densities. 
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1. INTRODUCTION
Laser powder bed fusion (LPBF) is an additive manufacturing (AM) process used by various industry 
sectors to lower the cost of production for high value low volume manufacturing and for complex 
shapes. LPBF is emerging as an alternative to conventional methods such as machining and casting 
(Sidambe et al. [1]). In LPBF, a high-powered laser is used to fuse metal powder into a solid 
component using data from a sliced 3D CAD file, one layer at a time. The layer thickness is typically 
in the range of 30 µm to 50 y Sidambe [2].
Tungsten (W) is a metal which is ideally used in ultra-high temperature and shielding applications
within many technology fields such as military, electro vacuum, crucible, heating elements and 
pinhole collimators (Deprez et al. [3], Sidambe et al. [4]). The processing of pure tungsten using
LPBF is difficult because tungsten has a high thermal conductivity, high melting temperature and a 
ductile-to-brittle transition temperature which renders tungsten susceptible to cracking (Braun et 
al. [5],Wang et al. [6], Li et al. [7]).
Table 1 shows the physical properties of tungsten, and of particular interest are the comparatively 
high viscosity, high density, high melting point and the high thermal conductivity which are expected
to contribute to the difficulties of processing tungsten via LPBF. In comparison, the thermal 
conductivity of titanium is 16.4 W.m-1.K-1 and that of stainless steel is 15 W.m-1.K-1. The high melting 
point of tungsten has been reported to contribute to a high cohesive energy and high surface tension,
which in turn leads to high melt viscosity in LPBF (Zhou et al. [8]), whereas the ductile-to-brittle 
transition temperature (DBTT) renders tungsten susceptible to cracking from the build-up of residual 
stresses (Zhou et al. [8], Wang et al. [9]).In addition to the above mentioned properties, the 
processing of tungsten using LPBF is also made difficult by the complexity  of  the  LPBF process  and  
its  non-equilibrium  nature  which requires an in-depth understanding of the process (Rombouts et
al. [10]).
Table 1:  Physical properties of tungsten.
Physical Properties Tungsten
Density at 25 °C (g/cm3) 19.2
Liquid Density (g/cm3) 17.6
Melting Point (°C) 3422
Thermal Conductivity (W.m-1.K-1) 174
Surface tension Force (N/m) 2.361
Melt viscosity (mPa.s) 8
Ductile-to-brittle transition temperature (°C) 250-400
Surface tension force (N/m) 2.361
However, although technically challenging, processing of tungsten via LPBF is expected to lead to 
an advantage in the high value manufacturing sectors such as medical implants, rocket nozzles and 
support hardware because LPBF has the ability to manufacture complicated shaped tungsten parts 
with small dimensions, something which cannot be achieved using traditional metal working 
techniques such as milling, casting or pressing because of the hardness and strength of tungsten
(Deprez et al. [3], Zhou et al. [8], Wauthle et al. [11], Müller et al. [12]).
In order to overcome the challenges of manufacturing tungsten components using conventional 
methods, there have been a number of studies carried out to investigate the use of additive 
manufacturing. In an early investigation, Ebert et al. [13] used pulsed-laser micro sintering and
demonstrated that the final density of tungsten parts increased with the applied laser energy. A 
year later, Deprez et al. [3] successfully fabricated a more complex MR-compatible collimator with 
a large number of oblique pinholes from pure tungsten powder using LPBF. More recently (Zhou et 
al. [8], Nie et al. [13], Bai et al. [14], Ivekovic et al. [15], Tan et al. [16], Yang et al. [17], Guo et 
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al. [18]), the intrinsic physical properties of tungsten properties and the laser processing parameters 
have been established as being important in determining the properties of parts produced by the 
LPBF process. These studies also identified oxidation as a phenomenon that can hinder successful 
tungsten LPBF processing, which must be avoided. Gear et al. [19],[20] showed that the LPBF 
processing parameters such as the scanning strategy can have an influence on the radiation 
attenuation properties of pure tungsten used in pinhole collimators.
In this study, we expand on the results from our developmental work (Sidambe et al. 
[1],[4],[21],[22]) to carry out an analysis of the melt spreading and solidification of tungsten in 
relation to LPBF parameters and explain the mechanisms in terms of the tungsten melt pool and the 
titanium substrate properties. By discussing the mechanism of the formation of the melt pool during 
the LPBF of tungsten, we elaborate on the effect of the tungsten properties. According to studies 
that have been published on the formation of the melt pool and the relationship with mechanisms 
such as surface tension (Karapatis [23], Niu et al. [24], Kruth et al. [25], Guo et al. [26]), the 
selection of the laser parameters should be such that the length to diameter ratio of the molten 
pool is as small as possible. Our study considered the use of low and high scan speeds in combination 
with a range of laser powers, and we report on the effect of these combinations on the formation 
of the tungsten melt pool on a titanium base plate.
2. METHODOLOGY
A Renishaw AM125 laser powder bed fusion machine was used in this study. Due to the challenges in 
melting tungsten it is essential to achieve the maximum irradiance of the laser during processing. 
Our approach was therefore also to consider the laser focus offset as a control parameter, with 
melting carried out before and after the Gaussian laser beam profile was optimised. The optimisation 
of the Gaussian laser beam (or laser spot) profile was carried out using an Ophir Photonics Spiricon 
SP620 beam profiler. Figure 1 shows the irradiance and laser beam diameter distribution during the 
laser beam profiling. The optimal focus offset was achieved at 1 mm, yielding a laser beam diameter 
(the effective laser beam radius at which the maximum irradiance is decayed to 1/e2 or 13.5% of the 
peak value (Alda [27])) of 43 0 mm, laser beam diameter was 50
The Gaussian power density distribution of the laser beam irradiance and the beam diameter at 
200W during the beam profiling is illustrated in Figure 2. The calculations showed that there was an 
increase of 25% in the peak intensity due to the smaller laser beam diameter of 45 µm.
Figure 1: Irradiance and laser beam diameter distribution during the laser beam profiling
(Sidambe et al. [22]).
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Figure 2: Gaussian power density distribution showing the laser beam diameter of 43
at 1mm offset, and 50 µm at 0 mm offset.
Figure 3: (a) Scanning electron micrograph showing the highly spherical morphology of the 
tungsten powder, (b) powder particle distribution for tungsten.
The tungsten power used in the study was Plasma-spheroidised, hence it was highly pure and highly 
spherical. Figure 3 (a) shows the highly spherical morphology of the tungsten powder and also shown 
in Figure 3 (b) is the powder particle size distribution. The tungsten powder melting was carried out 
under an argon atmosphere with an initial residual oxygen content of less than 800 ppm (0.08%) on 
the Renishaw AM125 system. A commercially pure titanium (CPTi) Grade 4 substrate was used for 
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the LPBF experiments. Careful considerations were given in selecting titanium because the substrate 
and its thermal properties have been reported to have a significant effect on the LPBF process, 
particularly by influencing the nucleation of the melt pool and the solidification rate in initial layer
(Müller et al. [12], Guo et al. [26]). The melting of the first layer of metallic powder in LPBF requires 
the melting of the substrate, leading to the mixing of the alloys within the melt pool. The usual 
practice is to use the same material for the substrate as the powder. However, it is considered to 
be commercially not viable to use a tungsten substrate in LPBF. Furthermore, because of the high 
melting point of tungsten makes it difficult to create a strong bonding on such a substrate.
Single layer melt tracks were melted using laser power range of 100, 150 and 200 W and laser scan 
speeds ranging from 50 mm/s to 400 mm/s (at increments of approximately 5 mm/s) before and 
after the laser beam profile was optimised. The two dimensional (2D) linear input laser energy
(defined as the laser power per laser scan speed per line area) was calculated by combining laser 
power, laser scan speed and laser beam diameter (Brown [28]).
=    .                         Equation 1                                    
2D = 2D linear input laser energy density, Plaser = laser power, scan = the laser scan speed and Spot
= laser beam diameter. The resultant 2D linear laser energy density ranged from 5 J/mm2 to 93 
J/mm2. The melt track and melt pool width, depth and overlap were analysed and quantified using 
the light optical microscopy (LOM) and ImageJ image processing software. 
3. RESULTS
3.1 Melt Width
Figure 4, Figure 5 and Figure 6 show the results of the laser melting of single track, single layer 
tungsten powder on the titanium substrate. Figure 4 shows the quantification of the melted track 
width for the tungsten/CPTi as a function of the 2D linear laser energy density and shows the range 
of the line width (100 to 470 . It was confirmed that the geometrical dimensions of the melt 
tracks were dependent on the linear energy density as shown in Figure 4. The optimised laser beam 
had the effect of increasing the achievable maximum laser energy density as expected. At the lower 
energy densities, the melt track width was less varied when the laser beam diameter of 43
used than when the laser beam diameter of 50 .
Conversely as the laser energy density increased, the melt tracks were wider at the focus offset of 
1 mm than at 0 mm. This was attributable to the melt viscosity which is thought to have been within 
the range that prompts sufficient melt spreading via a mode of heat transfer. The results indicate
the presence of the well-known phenomenon where the surface tension coefficient as well as the 
melt viscosity decrease with increasing temperature induced by an increasing laser energy density
(Yadroitsev et al. [29]). This useful information can be used to define the threshold for the energy 
density and study the effects on surface tension during the LPBF process.
Figure 5 is a plot of the laser power as a function of the laser speed for the optimised laser beam, 
(i.e. laser beam diameter = 43 mm). Figure 5 shows that the geometrical 
dimensions of the melt tracks were dependent on scan speed and laser power. The optical 
micrographs in Figure 6 show an example of melt pool breakup with balling (left) and radially 
flattened (right) and broad tungsten and titanium (W+Ti) pool, (i.e. laser beam diameter = 43
and focus offset = 1 mm). When the 2D linear energy density was insufficient, i.e. when the laser 
power was lowered and the laser speed increased; this resulted in poor spreading of the melt tracks 
accompanied by melt break up which led to discontinuous melt tracks. With the increase of energy 
input which was achieved by increasing the laser power, lowering the laser scanning speed and 
decreasing the spot size, continuous melt tracks of increased width were formed. When the linear 
energy density was increased, the heat affected zone was increased, thereby eliminating the 
breakup of the melt leading to an increase in melt track width.
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Figure 4: Melt pool width vs 2D linear laser energy density for tungsten powder on Ti before 
and after laser beam profile optimization.
Figure 5: Range of melt track widths for tungsten on Ti achieved for the laser beam diameter 
of 43 .
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Figure 6: Optical micrographs showing an example of melt pool break up with balling (left) and 
radially flattened and broad tungsten pool (right) on a titanium substrate.
3.2 Melt Pool Height
Figure 7, Figure 8 and Figure 9 show the results of the penetration depth and melt pool height (heat 
affected zone - HAZ) for the tungsten power melted onto the titanium substrate. Figure 7 shows the 
quantification of the melt pool height for the tungsten/CPTi as a function of the 2D linear laser 
energy density and shows the range of the melt pool height (60 to 740 for the laser beam 
diameter = 43 mm.
The geometrical dimensions of the melt pool were also dependent on the linear energy density, but 
to a lesser extent compared to the dependence of the melt track width (Section 3.1). In this case, 
high levels of penetration depth and melt pool height were also achieved at lower energies of 40 
J/mm2. This can be explained by higher penetration depths and melt pool heights being also 
obtained where the scanning speed was high. The penetration depths and melt pool height 
measurements and results were recorded after the optimization of the laser beam. However, it is 
expected that the focus offset optimization should have the effect of increasing the penetration 
depth and melt pool height because the achievable maximum laser energy density was increased,
as mentioned earlier. In the results, keyhole melt pool morphology mode and conduction mode were 
observed under different linear energy densities.
Figure 8 shows the range of melt pool height achieved for the laser beam diameter of 43 at laser 
powers of 100W, 150W and 200W as a function of the scanning speed. The conduction mode melt 
pool formation was mainly observed for the heights of 218 µm to 343 µm and the keyhole mode was 
observed where the melt pool penetration depths and height ranged from 347 µm to 740 µm.
Figure 9 shows the melt pool cross-sections after melting a layer of tungsten powder on a titanium 
substrate (laser beam diameter = 43 mm). Increasing the laser energy density 
increased the melt pool total height and penetration depth, with the occurrence of some porosity 
in the keyhole mode. The effect of melting in titanium was that the tungsten is not completely 
melted initially but the titanium acts as a catalyst for initiating the melting of tungsten for the 
subsequent layers.
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Figure 7: Plot of the melt pool height vs 2D linear laser energy density for tungsten powder
after laser beam profile optimization (focus offset=1).
Figure 8: Range of melt pool height achieved for the laser beam diameter of 43 as a 
function of the laser power and scanning speed.
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Figure 9: Optical micrographs showing the melt pool cross-sections after melting a layer of 
tungsten powder on a titanium substrate (focus offset=1 mm).
Figure 10: Optical micrographs showing melt pool overlap during LPBF. When the hatch 
spacing is taken into account the 2D linear laser energy density is converted into 2D area laser 
energy density.
When using the LPBF process for the fabrication of 3 dimensional components, the hatch spacing, 
and layer thickness must be taken into consideration as showed in Equation 2. The range of the melt 
pool width and height obtained, in combination with a melt track overlap are conditions that 
promote sufficient remelting of a section the previous layer, thereby expected to break down of the 
oxide films and remove contamination (e.g. Figure 10 (a)). The parameters may also be selected for 
a smooth surface topography, otherwise melt break up will take place. Figure 10 (f) indicates that 
insufficient overlap of the scan tracks could result in fusion defects or porosity (satellite particles). 
This would render it difficult to deposit subsequent layers leading to defects such as porosity and 
hence decreased part density.
138RAPDASA 2019 Conference Proceedings
 =   .                                               Equation 2
Where Shatch = hatch spacing
4. CONCLUSION
The parameters were optimized so that the laser energy was able to create a strong bond of tungsten 
layer on a CPTi substrate. When the conditions were inadequate, there was breaking up of the melt 
pool and “balling”, probably as a result of additional reduction of the surface free energy.  By 
melting the tungsten powder on the CPTi substrate, the melting point was lowered to that of the 
CPTi and the thermal conductivity was expected to be lowered by not more that 25% as reported by 
( ), which also contributed to the melt pool spreading. The increase of 2D 
linear energy density that was accompanied by an increase in the melt track width indicated that 
the melt flow dynamics analogous to the Marangoni effect were significant. At the maximum 2D 
linear energy density of 93 J/mm2, the melt pool width was ~470 The increase of 2D linear
energy density was also accompanied by an increase in the melt pool height and penetration depth, 
but there was less correlation because the keyhole and conduction modes also depended on scan 
speed. The increased 2D linear energy densities yielded a melt pool total height was ~700 The 
thermal effects of melting single layer and single track melt pools took into consideration the 
properties of CP-Ti and tungsten.
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